We examined a variety of strains of Sindbis virus for the genetic changes responsible for differences in neurovirulence in mice. SVlA (a low passage of the AR339 strain of Sindbis virus), a neuroadapted Sindbis virus (NSV), and two laboratory strains of Sindbis virus (HRSP and TotollOl) were examined. NSV causes severe encephalomyelitis with hind-limb paralysis and high mortality after intracerebral inoculation in weanling mice. In contrast, SV1A causes only mild, nonfatal disease in weanling mice; however, in suckling mice, SVlA causes a fatal encephalomyelitis after either intracerebral or subcutaneous inoculation. The two laboratory strains used have a greatly reduced neurovirulence for suckling mice and are aviruleit for weanling mice. The nucleotide sequences and encoded amino acid sequences of the structural glycoproteins of these four strains were compared. Hybrid genomes were constructed by replacing restriction fragments in a full-length cDNA clone of Sindbis virus, from which infectious RNA can be transcribed in vitro, with fragments froni cDNA clones of the various strains. These recombinant viruses allowed us to test the importance of each amino acid difference between the various strains for neurovirulence in weanling and suckling mice. Glycoproteins E2 and El were of paramount importance for neurovirulence in adult mice. Recombinant viruses containing the nonstructural protein region and the capsid protein region from an avirulent strain and the El and E2 glycoprotein regions from NSV were virulent, although they were less virulent than NSV. Furthermore, changes in either E2 (His-55 in NSV to Gln in SV1A) or El (Ala-72 in NSV to Val in SVlA and Asp-313 in NSV to Gly in SVIA) reduced virulence. For virulence in suckling mice, we found that a number of changes in E2 and El can lead to decreased virulence and that in fact, a gradient of virulence exists.
Sindbis virus is the type species of the genus Alphavirus in the family Togaviridae. It is among the least pathogenic of the alphaviruses, which include such important pathogens as eastern, western, and Venezuelan equine encephalitis viruses (10) . In nature, Sindbis virus is transmitted by mosquitoes: and its vertebrate hosts are usually birds or mammals (40) . The viral genome is a plus-stranded RNA of 11,703 nucleotides. In the virion, it is complexed with capsid protein C to form an icosahedral nucleocapsid that is surrounded by a lipid bilayer in which two integral membrane glycoproteins, E2 and El, are embedded (reviewed in reference 39) . Both El and E2 are anchored in the membrane by a conventional C-terminal hydrophobic anchor, and they are closely associated with each other as a heterodimer that probably forms during synthesis of the glycoproteins (27, 30) . This heterodimer is believed to be the functional subunit, and three heterodimers are associated to form a trimeric spike in the virus (8) . The spike is the structure that binds to susceptible cells to initiate infection, and it also possesses neutralizing epitopes.
Sindbis virus infection of mice has been studied as an experimental model of acute viral encephalitis (9, 13) . Wildtype Sindbis virus (AR339 strain) causes fatal encephalitis in suckling mice and nonfatal encephalitis in 4-week-old weanling mice (14) . A strain of Sindbis virus that is highly lethal for weanling and adult mice was isolated after six intracere-K7L 3N6.
bral (i.c.) passages of an AR339 strain of Sindbis virus, alternating between suckling and weanling mice (11) . This neuroadapted strain of Sindbis virus (NSV) has been genetically stable after many passages in cell culture. NSV replicates 10-to 50-fold more efficiently in the brains of mice than SV1A (a low-passage strain derived from wild-type Sindbis Virus AR339), and its i.c. 50% lethal dose is 2 to 20 PFU in weanling mice. After i.c. inoculation with NSV, weanling mice become ruffled, develop kyphoscoliosis and hind-limb paralysis, and have high mortality (11, 12) . Thete is poliomyelitis, particularly involving the ventrai horns, in the thoracic and lumbar spinal cord (12) . Stanley et al. (35) demonstrated that some anti-Sindbis virus El and E2 monoclonal antibodies discriminate between NSV and SV1A, suggesting that changes in the surface glycoproteins are associated with changes in virulence.
Olmsted et al. (20, 21) have selected Sindbis virus variants in vitro that are attenuated in suckling mice. Thus, strains of Sindbis virus can be essentially avirulent for mice of all ages, virulent for suckling mice but avirulent for weanling mice, or virulent for mice of all ages.
Recently, a complete cDNA clone of Sindbis virus has been constructed from which infectious RNA can be transcribed in vitro with SP6 RNA polymerase (28) . This has made it possible to map changes among the various strains of Sindbis virus which lead to differences in virulence in mice, an approach similar to that used by Kohara et al. (15) to map virulence determinants in poliovirus.
MATERIALS AND METHODS
Virus stocks and preparation of virus and viral RNA. SV1A
(derived from a low-passage isolate of AR339 obtained from the American Type Culture Collection, Rockville, Md.) and NSV were grown and titers were determined on monolayers of primary and secondary chicken embryo fibroblasts (CEF), as previously described (35) . Virus was precipitated from the culture fluid with polyethylene glycol and was purified by successive velocity sedimentation and equilibrium density centrifugation (23) . The isolation of viral RNA was described previously (29) .
cDNA cloning. cDNA synthesis followed essentially the procedure of Okayama and Berg (19) as modified by Lindqvist et al. (16) . A plasmid vector referred to as proteus 1 was tailed with deoxyribosylthymine (40 to 60 residues) and used as a primer for first-strand cDNA synthesis. Secondstrand synthesis then used Escherichia coli DNA polymerase I, E. coli RNase H, and E. coli DNA ligase. After second-strand synthesis, the double-stranded DNA was cut with Hindlll and ligated intramolecularly. The resulting clones have an insert of 5,438 nucleotides [plus a variable length of poly(A)] and contain the entire structural protein coding region of Sindbis virus.
General recombinant DNA techniques. Restriction endonucleases and DNA-modifying enzymes were purchased from commercial sources and used essentially as recommended by the manufacturer. Plasmids were grown, purified, and analyzed by standard methods, with minor modifications (17) .
Construction of hybrid genomes. Hybrid genomes were produced by replacing restriction fragments in Sindbis virus clone TotollO1 or Toto5O (28) with the corresponding regions from cDNA clones derived from NSV, with cDNA from strain SV1A, or with cDNA from a clone of Sindbis virus HRSP strain (for details of the restriction sites used, see Fig. 1 and 2 ). Virus was rescued from these recombinant clones and tested for its biological properties.
In vitro transcription and RNA transfection. RNA transcripts were synthesized as described elsewhere (28) . Briefly, either supercoiled plasmid templates or plasmid DNAs which had been digested with an appropriate restriction endonuclease to produce a runoff transcript were transcribed in vitro by SP6 RNA polymerase in a solution containing 40 mM Tris chloride (pH 7.6); 6 mM MgCI; 2 mM spermidine; 1 mM each ATP, CTP, GTP, and UTP; 100 p,g of nuclease-free bovine serum albumin per ml; 5 mM dithiothreitol; 1 mM m7G(5')ppp(5')G cap analog; 500 U of human placental RNase inhibitor per ml; 400 U of SP6 polymerase per ml; and 10 to 100 ,g of template DNA per ml. Quantitation of the RNA transcript was effected by including a trace amount of [32P]CTP in the reaction and counting a sample of the product after adsorption to DE81 paper (Whatman, Inc., Clifton, N.J. (14) . NSV was obtained from this AR339 strain by serial transmission six times by i.c. inoculation alternately in suckling and weanling mice (11) . This virus was subsequently passed twice in CEF to isolate viral RNA for sequence analysis.
In addition, two laboratory strains of Sindbis virus derived from infectious RNA rescued from cDNA clones (28) were used; both were derived from the AR339 strain. The first of these laboratory variants was rescued from cDNA clone TotollOl and contains nucleotides 1 to 2713 and 9805 to 11703 from the HRSP strain described below and nucleotides 2714 to 9804 from a strain of uncertain passage history before cloning as TotollO1. The second strain, from clone TotoSO, was derived from cDNA made to the HRSP strain of Sindbis virus (heat-resistant small-plaque strain). The HR strain was obtained by Burge and Pfefferkorn (5) from AR339 by selecting variants able to survive heating to'56°C. It had been subsequently passaged multiple times in both CEF and BHK cells before isolation of the small-plaque variant (38) . HRSP was then passaged several times in CEF before being cloned as Toto5O. The sequence of the HRSP strain has been published previously (28, 37) .
Sequence analysis of the glycoproteins of NSV and of SVIA. Because monoclonal antibodies discriminate between NSV and SV1A (35) and attenuating mutations have been found in E2 (6, 21) , it seemed likely that the glycoproteins would be important for neurovirulence in Sindbis virus. We therefore obtained the nucleotide sequence of the region encoding the glycoproteins, and from this we deduced the amino acid sequence of glycoproteins E3, E2, and El for both SV1A and NSV and cormpared this sequence with that previously published for HRSP (Fig. 1) .
In the nucleotide sequence obtained for the glycoprotein E3 region, there were no differences among strains SV1A, NSV, and HRSP. In glycoprotein E2, however, there were two nucleotide differences between SV1A and NSV, both of which led to amino acid substitutions. Nucleotide 8795 is A in SV1A and U in NSV, resulting in a Gln-to-His change at position 55 of E2. Nucleotide 9255 is G in SV1A and A in NSV, leading to the replacement of Arg in SV1A by Gly in NSV at position 209 of E2. Amino acid 55 is Gln in the HRSP strain (as it is in SV1A), whereas amino acid 209 is Gly in HRSP (as it is in NSV).
NSV and SV1A differ from HRSP in three additional amino acids of E2. Position 3 of NSV and SV1A is Thr, whereas HRSP has Ile at this position. Position 23 of SV1A and NSV is Glu; it is Val in HRSP (Glu-23 was previously shown to be the ancestral amino acid in HR [1] In glycoprotein El, there were six nucleotide differences between SV1A and NSV which led to two amino acid changes. Silent changes were found at positions 10392 (C in SV1A -* U in NSV), 10571 (A -> G), 10748 (C --tJ), and 10815 (C -* U). The coding changes were at position 10279 (U in SV1A --C in NSV), which led to the substitution of Val in SV1A by Ala in NSV at position 72 of El, and at nucleotide 11002 (G -* A), which led to the substitution of Gly by Asp at position 313. Position 72 is Ala in HRSP (as it is in NSV), whereas amino acid 313 is Gly in HRSP (as it is in SV1A). In addition to differing from each other at these positions, SViA and NSV also differ in position 237 (Ala) from HRSP (Ser); this change may also have arisen during selection of the HR strain.
Of the eight nucleotide differences between SV1A and NSV, seven were transitions (three C -+ U, three G A, and one U -> C change). The transversion was the A U change, which led to the substitution of Gln by His.
There were no changes between SV1A and NSV in the 3' noncoding region. parental viruses (NSV, SV1A, HRSP), and viruses rescued from TotoSO and TotollOl was tested in 3-to 4-week-old weanling mice inoculated i.c. with 1,000 PFU of each virus. In each case, two or more independent virus stocks were tested. The results were pooled, and the relevant data are summarized in Table 2 .
Only NSV and the recombinant TE12 were virulent for weanling mice. TE12 has the nucleotide sequence from 8571 to 11552 of NSV and nucleotides 1 to 8570 and 11553 to 11703 from TotollOl, that is, glycoproteins E2 and El from NSV and the remainder of the genome from TotollOl (Fig.  2) . TotollOl is avirulent for weanling mice, whereas TE12 is virulent, which demonstrates that the envelope proteins alone are sufficient to confer virulence to an otherwise avirulent strain. However, TE12 has a higher 50% lethal dose than NSV (50 versus 3, calculated by the method of Reed and Muench [25] ), and the overall mortality is reduced (Table 2) , which suggests that nucleotide sequences outside the envelope protein region are also important for neurovirulence. These sequences are presumably in the region encoding the replicase proteins, thereby affecting the efficiency of virus replication, although changes in the capsid protein or in noncoding regulatory sequences cannot be ruled out.
All of the other strains are avirulent in weanling mice. Thus, strains containing only glycoprotein El or only E2 from NSV are avirulent, which demonstrates that changes in both El and E2 were necessary for the transition in neurovirulence from SV1A to NSV.
Neurovirulence of recombinant viruses for suckling mice. Our major interest in these studies was to define the changes that led to virus attenuation in weanling mice. However, Sindbis virus has also been used as a model system for the study of neurovirulence in suckling mice (6, 20, 21, 24) , and it seemed of interest to compare the virulence of these constructs in suckling mice as well (Table 3) . Strains NSV and TE12 were essentially indistinguishable in their neurovirulence (although the mean day of death may be slightly higher in studies with TE12). Thus, although TotollO1 is much less virulent for suckling mice than NSV, possession of the glycoproteins from NSV is sufficient to render TotollOl fully virulent for suckling mice. Strains that contain E2 from NSV and El from NSV, SV1A, or TotollOl were also neurovirulent in suckling mice, causing 100% mortality after subcutaneous inoculation, as did a construct containing only the N-terminal domain of E2 from NSV with the remainder of E2 from HRSP and El from SV1A (construct TES). The " Mice were challenged with 1,000 PFU of virus by subcutaneous inoculation at 1 to 3 days of age.
b Fig. 2 . At least two independent stocks were tested, and the results were averaged.
' MDOD, Mean day of death after subcutaneous injection of 1,000 PFU. d The neurovirulence of these constructs is dependent on the exact age of the mice and drops from 100% mortality in 1-to 2-day-old mice to 20%Y in 3-to 4-day-old mice (see text).
TotollOl) or TotoSO (HRSP strain) the resultant virus was less virulent. With these strains, 30 to 60% of the inoculated mice survived and those that died had an extended survival time. The construct TE50 is discussed below. Thus, there is a gradient of neurovirulence in suckling mice extending from a mortality of 100% with a survival time of 3 days to a mortality of 20 to 40% with a 12-day survival time.
Correlation of amino acid changes with neurovirulence. The amino acid changes among the various strains of Sindbis virus in the E2 and El glycoproteins that have been assayed for neurovirulence have been summarized in Table 4 , with the strains listed in descending order of neurovirulence. Sequence data for NSV and SV1A and for constructs containing sequences from these viruses are from Fig. 1 ; the TotoSO sequence is the HRSP sequence determined by Strauss et al. (37) , and the data for TotollOl are from the work of Polo et al. (24) and R. E. Johnston (personal communication).
For weanling mice, as noted above, changes in both E2 and El contribute to the differences seen between SVlA and NSV. In E2 the change at position 55 from His (in NSV) to (14, 26) . More virus can be isolated from the brain and other tissues of suckling mice than from older mice. The AR339 strain was originally isolated by the inoculation of suckling mice and passaged several times in this host (40) , which may have been partially responsible for the neurovirulent characteristics of the strain. Starting from AR339, more virulent strains which are neurovirulent in weanling mice have been isolated by alternate i.c. passage in suckling and weanling mice (11); presumably the passage in weanling mice selected for virus that was able to replicate better in the central nervous system of older mice. More attenuated strains of Sindbis virus have also been obtained from the AR339 strain. Olmsted et al. (20, 21) have used several selection procedures, including selection for rapid penetration and growth in vitro, to isolate variants that were attenuated in suckling mice (see also reference 24). Barrett and Atkins (2) have shown that temperature-sensitive mutants are often attenuated. The present report and Polo et al. (24) have also shown that laboratory strains represented by HRSP (and TotoSO) and TotollOl are attenuated for suckling mice. These strains have been maintained by extensive passage in cell culture, usually in chicken cells or BHK cells (and the HR strains were selected for the ability to tolerate high temperatures). The passage of virus in cell culture is a standard method for selecting attenuated virus for vaccines and appears in this case also to have selected variants which are reduced in virulence for mice. We should note, however, that the virulent properties of NSV and of SV1A have been maintained upon passage in cell culture, although an extensive series of passages has not been tested for its effects.
By constructing recombinant viruses among strains that differ in virulence, we have mapped a number of virulence determinants. The situation in weanling mice seems clearcut. There are determinants in both glycoproteins E2 and El that lead to attenuation, and there are determinants in the nonglycoprotein regions as well. In glycoprotein E2, the change of His to Gln at position 55 is attenuating, and in glycoprotein El, the change of Ala-72 to Val and the change of Asp-313 to Gly lead to attenuation. The results with suckling mice were more complex. As noted above, it appears that a spectrum of neurovirulence exists with different virus strains, and in at least some cases the virulence is sharply age dependent. In addition, changes at multiple sites appear to have unpredictable effects, and thus the genetic background of the virus is important. Finally, when our results are compared with those of Johnston and colleagues (6, 20, 21, 24) , it also appears that there may be differences that depend upon 
